A multilayered epithelium is made up of individual cells that are stratified in an orderly fashion, layer by layer. In such tissues, individual cells can adopt a wide range of shapes ranging from columnar to squamous. From histological images, we observe that, in flat epithelia such as the skin, the cells in the top layer are squamous while those in the middle and bottom layers are columnar, whereas in tubular epithelia, the cells in all layers are columnar. We develop a computational model to understand how individual cell shape is governed by the mechanical forces within multilayered flat and curved epithelia. We derive the energy function for an epithelial sheet of cells considering intercellular adhesive and intracellular contractile forces. We determine computationally the cell morphologies that minimize the energy function for a wide range of cellular parameters. Depending on the dominant adhesive and contractile forces, we find four dominant cell morphologies for the multilayered-layered flat sheet and three dominant cell morphologies for the two-layered curved sheet. We study the transitions between the dominant cell morphologies for the two-layered flat sheet and find both continuous and discontinuous transitions and also the presence of multistable states. Matching our computational results with histological images, we conclude that apical contractile forces from the actomyosin belt in the epithelial cells is the dominant force determining cell shape in multilayered epithelia. Our computational model can guide tissue engineers in designing artificial multilayered epithelia, in terms of figuring out the cellular parameters needed to achieve realistic epithelial morphologies.
Introduction
Epithelial tissues take a wide range of morphologies to carry out their functions of protection, secretion, and absorption. For example, protective epithelia like the skin are usually flat to provide coverage effectively, while secretory and absorptive units like the ducts of salivary and sweat glands, and the intestinal villi, are usually tubular to maximize the surface area for secretion and absorption. Many of these epithelia are stratified, i.e. comprised of multiple layers of cells stacked on top of one another. Multilayered tissues are advantageous over single-layered tissues as they offer better protection in harsh environments and also provide better structural support. Furthermore, a multilayered epithelium allows cells in the deeper layers to replace cells on the surface after the surface cells are damaged and cast off from the epithelium. Within these layers, epithelial cells may adopt a wide range of morphologies, ranging from squamous (S, flattened), cuboidal (B), to columnar (C, tall and thin); see figure 1(a). For example, histological images show that cells on the most superficial (outermost) layers of the skin are typically squamous whereas cells in the deeper layers are typically more columnar (figure 1(b), left). On the other hand, within the multiple layers of the ducts of sweat glands (figure 1(b), right) and salivary glands, the cells within the layers are all columnar.
In this paper, we are interested in the question of how the physicochemical properties of the multilayered epithelium, such as the strengths of the lateral cell-cell adhesion, inter-layer adhesion, tension of the apical actomyosin constriction, etc., govern the morphologies of the individual epithelial cells within the layers. Understanding the relation between the physicochemical factors and cellular morphologies is an important aspect of tissue engineering. In order to grow synthetic multilayered tissues of prescribed morph ology (e.g. a sheet or a tube), one needs to understand what cellular parameters to 'tune', including cell-cell adhesion, either laterally between adjacent cells within the same layer or between cells in adjacent layers, and actomyosin contractility [1, 2] . Cellcell adhesion is mediated by homophilic interaction complexes formed by E-cadherins of two apposed cell membranes [3, 4] . An increase in the number of cellcell adhesion molecules enhances cell surface contacts and increases the interacting surface area of the cells in contact. In skin cells, multiprotein complexes called desmosomes and hemidesmosomes have also been found to promote the adhesion of epithelial cells to each other and to the underlying basement membrane, contributing to cell-cell and cell-basal adhesion, respectively [5, 6] . Actomyosin contractility has also been observed in polarized epithelial cells where myosin-II motors are found to be preferentially localized apically [7, 8] . Upon activation by Rho family GTPases, the apical actomyosin ring constricts. Apical constriction is important for diverse morphogenetic events like tube formation [9, 10] , cell invagination [11, 12] and the epithelial-mesenchymal transition [13] .
Mathematical modeling has been widely employed to study tissue growth, sorting and morphology [14, 15] . While there has been much work done on modeling single-layered epithelial sheet morphology [16] [17] [18] [19] [20] , there has been no work, to the best of our knowledge, in modeling the morphology of multilayered epithelia. Hannezo et al found that cell-basal adhesion favor squamous cells whereas cell-cell adhesion and apical contractility favor columnar cells [17] in single-layered epithelial sheets. In this study, we extend this single-layered model to consider multiple layers and study the rich morphologies observed in multilayered epithelia. We have constructed a model for a multilayered epithelium by looking at the adhesive and contractile forces acting on the cells within the multiple layers. We derive the energy function governing the tissue. Next, we computationally search for the morph ology that minimizes the energy function for a particular set of adhesive and contractile parameters. We repeat this energy minimization for a wide range of adhesive and contractile parameters to determine the favored morphology at various parameter regimes. We repeat this analysis by varying the number of epithelial layers and also incorporating tissue curvature. This allows us to understand how cellular properties, cell-cell interaction, cell-substrate interaction contribute to the morphology of the cells ( figure 1(c) ).
Methods

Model of multilayered epithelial sheet
In our model, epithelial cells are modeled as hexagonal prism-shaped objects in a K-layered planar epithelial sheet. They experience mechanical constraints due to the overall structure of the tissue and forces from neighboring cells. The main assumptions of our model are as follows: [17] . 8. To ensure that the different layers are aligned, we impose a surface area constraint such that the fraction of cells in each layer multiplied by the apical area of cells in each layer is constant. 9. The adopted cell morphology is one that minimizes the total energy of the K-layered epithelial sheet.
With these assumptions, we derive the energy functions for the top, middle and bottom cells (refer to supplementary information). Next, we determine the total energy by summing over the fraction of cells in each layer and the energy function for a cell in that layer ( figure 2(b) ). The dimensionless normalized energy is then derived by using A V 0 2 3 / / as the unit energy.
To determine the range of all possible morphologies, we randomly sample parameter sets for the adhesion and contractile forces (in logarithmic scale) and perform energy minimization for every parameter set using the Metropolis-Hastings method. However, certain ranges for the parameters may not occur in nature and these morphologies will not be observed biologically.
We also consider the morphologies for cells in an epithelial tube. For simplicity, we consider only = K 2, a curved two-layered epithelial sheet, although extending to multiple layers is straightforward.
For the epithelial tubes, the following additional assumptions apply:
1. Cells adopt a 'lampshade' shape with apical lengths being shorter than basal lengths [17] . This is expected as the apical contractile force will constrict the apical lengths. Please refer to the supplementary methods for more details on the modeling.
Results and discussion
Four distinct morphologies observed in two-layered planar epithelial sheets First, we examine the cell morphologies in a singlelayered planar epithelial sheet ( = K 1). Each cell experiences a cell-cell lateral adhesion term, α ′ l ; a term associated with the tension to the apical actomyocin belt, λ ′ a ; and a cell-basal adhesion term, γ ′ b . To study the morphologies obtained across the parameter regime, 5000 parameter sets are sampled uniformly in parameter space (in logarithmic scale). This is followed by energy minimization to obtain the values for r for different parameters. We classified the cell morphology into either squamous (S, when > r h 2 / ), columnar (C, when < r h 0.5 / ), or cuboidal (B, for values in between); see ( figure 1(a) ). We observe the three clusters of morphologies partitioning in the phase diagram [17] . In the absence of strong adhesion or contractile forces, the cells adopt a cuboidal morphology.
We compare the cell morphologies obtained in our analysis against epithelial histology images obtained from the histology guide website (www.histologyguide.org/index.html). For one-layered epithelial cell sheets, a wide range of cell morphologies are observed (supplementary table 1). Epithelial cells lining the Bowman's capsule, ovary and oviduct, cornea and blood vessels in the bile duct are found to be squamous. Cuboidal phenotype is observed for epithelial cells lining the outer surface of the ovary and ducts in the pancreas whereas columnar phenotype is observed for the lining of villi and lumen of the bile duct. The varied phenotypes is suggestive of different forces dominating in these one-layered epithelial tissues.
Next, we examine the cell morphologies in a twolayered planar epithelial sheet ( = K 2) as the simplest example of a multilayered epithelial sheet. This suggests that they have similar effects hence we sum these two adhesion terms together to obtain total adhesion, γ ′ t . The parameter regimes corresponding to the four common morphological classes (figure 3(c)) are as follows:
: In this region of parameter space where the cell-substrate adhesion, lateral cell-cell adhesion, and apical tension are all low, the BB morphology is preferred (black points in figures 3(c) and (d)). Since the parameters are normalized with respect to the confinement energy, A, low values of these parameters suggest that the confinement energy is dominant. In this regime of dominating confinement energy, energy is mainly devoted to keeping the cytoplasmic Gaussian polymers (the cytoskeleton) within a cell relative to the energies arising from adhesion and contractile forces. Hence, cells adopt a cuboidal shape optimal for the packing of cytoplasmic components. This morphology is similar to the B morphology obtained for the single layer case when the adhesion and contractile forces are low. : In this region of parameter space where the cellsubstrate adhesion and cell-basal adhesion are dominating, the SS morphology is preferred : In this region of parameter space where the apical tension is dominant, the SC morphology is preferred (red points in figures 3(c) and (d)). Unlike the above three regimes, the SC morphology is not a simple extension of the C morphology obtained for the one-layered sheet. In the one-layered sheet, cells adopt the columnar morphology as λ ′ a favors a low perimeter for the apical surface. However, in the two-layered case, the top cells adopt a squamous morphology. This difference is a result of considering the total energy of a two-layered system. Unlike in a single layer, where all the cells experience apical actomyosin constriction uniformly, in the twolayered system, cells in the bottom layer do not experience apical actomyosin tension. Plotting the ratio of cells in the top layer, m, to that in the bottom layer, n , m n / , in figure S2 , we find that in most of the parameter space, ≈ m n. However, in the regime of high λ ′ a , we find ≪ m n. This shows that high λ ′ a favors high number of cells in the bottom layer. To satisfy the area constraint (assumption 8 in methods section), the effect of having ≪ m n is that the smaller number of top cells become flat and squamous to accommodate the larger number of tightlysqueezed columnar bottom cells, leading to the SC morphology.
Transitions among the four classes of morphologies Next, we examine whether the transitions among the four common classes of morphologies are continuous or discontinuous. There are a total of six transitions among the four classes of morphologies, namely BB ↔ CC, BB ↔ SC, BB ↔ SS, CC ↔ SC, CC ↔ SS and SC ↔ SS ( figure 4(a) ). We can classify the transitions into two types. The first type consists of transitions from the parameter regime where none of the contractile and adhesion forces are dominant (γ < figure 4(c) ). 3. BB ↔ SC: The BB (cuboidal-cuboidal) to SC (columnar-columnar) transition occurs when apical tension, λ ′ a , is increased while keeping total adhesion, γ ′ T , and lateral cell-cell adhesion, α ′ l , low. This transition is also continuous with the fraction of cells in the top layer, m, decreasing rapidly, suggesting that more cells are being packed into the bottom layer ( figure 4(d) ). In these energy plots, there is always a single energy minima. This shows that when only one parameter is dominant, the system is monostable and transitions are continuous. Next, we examine the second type of transitions.
SS ↔ CC: The SS (squamous-squamous) to
CC (columnar-columnar) transition occurs when lateral cell-cell adhesion, α ′ l , is increased at high total adhesion, γ ′ T , and low apical tension, λ ′ a . Initially, a single energy minimum is observed at high r b and ≈ m 0.5 ( figure  5(a) ). This corresponds to the SS morphology. As α ′ l is increased, two other energy minima appear. One occurs at a low r b and ≈ m 0.5 (CC morphology) and the other occurs at low r b and < m 0.5 (SC morphology). The system is tristable in that regime. As α ′ l is further increased, the energy minima for the SS and SC phenotypes vanish, returning the system to a monostable state with a single minima for the CC phenotype. 2. SS ↔ SC: The SS (squamous-squamous) to SC (squamous-columnar) transition occurs by when apical tension, λ ′ a , is increased at low lateral cell-cell adhesion, α ′ l , and high total adhesion, γ ′ T ( figure 5(b) ). This transition is continuous with rapid changes in the aspect ratio of the cells, leading to few bottom cells with the cuboidal morphology being detected ( figure 5(b) ). 3. CC ↔ SC: The CC (columnar-columnar) to SC (squamous-columnar) transition occurs by when apical tension, λ ′ a , is increased at high lateral cell-cell adhesion, α ′ l , and low total adhesion, γ ′ T ( figure 5(c) ). This transition is discontinuous with the existence of bistability at intermediate levels of apical tension.
In summary, we find that transitions where at most one parameter is dominant (the first type) are continuous as these systems have a single energy minima. On the other hand, when one or more parameters are high (the second type), both continuous and discontinuous transitions can occur. Discontinuous transitions pass through multistable configurations and occur due to the competing effects of multiple adhesion and contractile forces.
Cell morphologies observed in multi-layered planar epithelial sheets are similar to that in two-layered planar sheets We extend our study of two-layered epithelial sheets, = K 2, to sheets of = K 5 and = K 10 layers. We find that the dominant morphologies are BBB, SSS, CCC and SCC for both = K 5 and = K 10 (table 2, supplementary video 3). Here, the first, second and third letters describe the morphology of cells in the top, middle and bottom layers, respectively.
The morphologies observed falls into the four regions of phase space similar as for the two-layered sheet. Of these, the three morphologies SSS, CCC and BBB are simple extensions of their two-layered counter parts: SSS corresponding to SS which is observed for high cell-substrate adhesion (γ > ), and BBB corresponding to BB which is observed for low cell-substrate adhesion, lateral cell-cell adhesion, and apical tension (γ < ), it is unclear what morphology the middle cells will adopt, as the top and bottom cells have different morphologies. However the middle cells are more similar to the bottom cells as they do not experience the high energy associated with high λ ′ a . Hence they adopt similar columnar morphology as the bottom cells (table 2, fourth row).
In the limit of very large K, the multilayered sheet can be thought of as only consisting of middle cells as contributions from the top and bottom cells become negligible. In this case, all the cells are identical and only contributions from cell-cell adhesion (γ ′ adh ) and cell-cell lateral adhesion (α ′ l ) are important ( figure  2(a), middle panel) . Running the simulations considering just the middle cells, we found that the cells are squamous at high cell-cell adhesion (γ ′ adh ), columnar at high cell-cell lateral adhesion (α ′ l ) and cuboidal when these forces are low ( figure S3) .
We compare the morphologies obtained in our analysis against stratified multi-layered planar epithelium from histology images. Unlike for the one-layered epithelium, where a wide range of morphologies were observed, stratified multi-layered planar epithelium from different parts of the body take on similar SCC or SBC morphology with squamous cells at the top and columnar cells at the bottom (table 4, refer to supplementary table 2 for sources). This suggests that apical tension is the dominant force shaping multi-layered planar epithelium.
Apical contractility results in columnar cell shapes in two-layered curved epithelial tubes Next, we study the cell morphologies in two-layered curved epithelial sheets and epithelial tubes. There are many tubular structures in the body, such as the ducts of sweat and salivary glands. Apical constriction has been found to be a main driving force behind tube formation [9, 10] and other developmental processes like ventral furrow formation [21] .
Comparing the two-layered flat and curved sheets, we find that morphologies obtained are quite similar in most of the parameter regimes except at high apical tension, λ ′ a (table 3, supplementary video 4). At high λ ′ a , there is a shift from the SC class to the CC class. We found several examples of two-layered epithelium sheets exhibiting CC morphology (table 5, refer to  supplementary table 3 for sources), like the ducts of sweat glands ( figure 1(b) ) in the skin and the ducts of exocrine glands. These tubes contain a small number of cells, about − 5 100. We determine the number of cells in the top and bottom layers obtained in the different parameter regimes (figure S4). We find that for compliant tubes, small number of cells is observed at high λ ′ a ( figure S4 ). This matches the experimental observation and suggests that apical tension is also the dominating force in curved sheets. 
l is the dimensionless cell-cell lateral adhesion, and λ ′ a is the dimensionless apical tension. The first, second and third letter denotes the morphology of top, middle and bottom cells respectively. Table 3 . Morphologies obtained at different parameter regimes for flat and curved two-layered sheet, where γ ′ t is the total dimensionless adhesion, α ′ l is the dimensionless cell-cell lateral adhesion, and λ ′ a is the dimensionless apical tension. The first and second letter denotes the morphology of the cells in the top and bottom layer respectively.
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Discussion
Overall, we find that apical tension is the most sensitive parameter in governing cell morphology in multilayered epithelia. There are two effects at play here. First, there is high apical tension, λ ′ a , favoring low values of P t , the perimeter of a top cell, and adoption of the columnar phenotype. Second, there is the distribution of cells from the top layer to other layers to decrease the number of cells that λ ′ a acts on to reduce the total energy of the system. When there is only a single layer of cells, distribution of cells to other layers cannot occur and hence the first effect dominates leading to the columnar phenotype [17] . In the two-layered flat sheet, the second factor dominates over the first and the SC phenotype is observed as cells are squeezed into the bottom layer. This squeezing effect is also observed in multilayered tissues where both the cells in the middle and bottom layers adopt the columnar phenotype. In the curved tissue geometry, both factors play equally important roles. We obtain medians of = m n 0.98 / for the twolayered curved sheet as compared to = m n 0.0024 / obtained for the two-layered flat sheet. This shows that, although high λ ′ a still leads to more cells in the lower layer, the bias is much smaller for the curved sheet. Hence, by allowing the sheet to bend, both effects become significant and both columnar morphology and lower number of top cells to bottom cells are observed.
We have also examined the cell morphology over a very large parameter range, as it is unclear what the physiological parameter values are. By comparing our model predictions with skin histology images, we deduce that, for one-layered sheets, different physiological parameters are dominant in different tissues whereas for multi-layered planar and curved sheets, the physiological parameters are likely to be in the regime of high apical actomyosin tension. For twolayered epithelial tubes, the columnar-columnar (CC) phenotype with about tens to hundreds of cells per tube is often observed. This phenotype is also obtained in the high apical tension regime. Apical tension has been shown to be involved in tissue bending to form tubes [9, 10] . Our results further suggest that this apical tension is also involved in active maintenance of tubal morphology after tube formation.
We study the transitions among the dominant morphologies for the two-layered flat epithelial sheet. We find that some of the transitions are continuous whereas others are discontinuous. Discontinuous transitions often pass through parameter space where multistability occurs. Monostability occurs at regions of the parameter space where none or only one of the adhesive or contractile forces dominates whereas multistability occurs when multiple or all of the adhesive or contractile forces are high. This suggests that multistability is a result of competition among the different adhesive and contractile forces that tend to favor different morphologies, leading to co-existence of these morphologies. From an engineering point of view, multistability can be used to generate a variety of structures in the same parameter regime.
One of our model assumptions is that cells can rearrange and move freely among the layers as long as the area constraint of the layers is satisfied. This assumption is adopted from an architectural point of view of finding the best way of arranging the cells to achieve the lowest possible energy for the entire system, given the adhesive and contractile forces present at equilibrium. However, this approach does not take into consideration the actual development of the tissue, like past configurations or the morphological processes and forces involved in the formation of the tissue. While it would be interesting to determine the impact that these past and transient factors have on the final cell configuration, we speculate that the cell morph ology would relax to the ideal configuration dictated by the forces present at equilibrium. Modeling papers studying the dynamic evolution of cell geometry have shown that the initial configurations do not influence the final configurations [16, 18] . Furthermore, mechanical stresses have been found to affect the rate of cell division [22] [23] [24] . Hence, even when cells in different layers are not allowed to mix, differing growth rates can aid in normalizing the distribution of cells back to the ideal configuration. For example, excess top cells will lead to higher compressive forces leading to slower division rate in the top compared to the other layers. This allows the system to relax back to the cell distribution obtained for the forces at equilibrium.
In our model, we consider apical tension arising from a circumferential belt. This model of apical constriction is known as the purse-string model where the contractile force is generated by sliding of myosin-driven actin filament in the circumferential cable. In contrast to this model, there is a meshwork model where myosin contracts a two-dimensional actin meshwork on the entire apical cortex surface [25] . Unlike the purse-string model of contractility which is generally used to generate stable contractile forces to maintain cell shapes, the meshwork model is mostly used to generate dynamic, pulsatile contractile forces during remodeling events [26, 27] . Hence, in our analysis, we have focused on the purse-string model of contractility as we are interested in examine morph ology in stable epithelial tissues. In the meshwork model, contractile force acts on the entire apical surface and can be thought of as a negative adhesion force. Unlike the normal adhesion force that tends to increase the area of contact, this surface contractile force will decrease the area of contact. Therefore to account for its effect, a negative contribution from this contractile force can be incorporated into total adhesion and setting contributions from the circumferential apical tension to zero . Hence we expect to observe cuboidal cells when surface apical tension is high, corre sponding to the parameter space of low γ ′ T and low λ ′ a . In the future, the model can be extended to study the effects of external stresses on cell morphologies. Shear stresses have been found to modify gene expression of structural proteins like villin and intercellular adhesion molecules [28] , remodel the intermediate filaments in cultured human alveolar epithelial (A549) cells [29] , and reorganize the actin filaments in renal proximal tubular cells [30] . Hence, the effects of shear stress can either be modeled explicitly or implicitly through their influence on the cytoskeleton and physical cellular parameters. External stress can also occur when the epithelium is confined to an area lower than its equilibrium value. This can arise from cell division [31] or changes in adhesion or contractile forces [32] . This may lead to cell compression, cell delamination [31] , cell buckling or extrusion.
Other than stratified multilayered sheets, there are also other interesting epithelial cell arrangements in the body. One example is the pseudostratified columnar morphology observed in the lining of the nasal cavities. Although these cells appear to be stratified with nuclei arranged in multilayers, all the cells have extensions that reach down to the basement membrane. Hence the contribution of cell-basal adhesion cannot be neglected for cells in the top and middle layers. Another example is the transitional epithelium lining the bladder and ureter. When the bladder is empty and contracted, the epithelial cells are cuboidal. On the other hand, when the bladder is full and expanded, the epithelial cells become squamous. It will be interesting to extend our model to study some of these more specialized morphological transitions.
Conclusion
In this article, we develop a model for the adhesive and contractile forces acting on cells in multilayered flat and curved epithelial sheets. We found that the apical contractile force plays a dominant role in determining the morphologies of multilayered planar tissues and curved epithelial tubes. Our modeling results for the different parameter regimes will be of use to tissue engineers who are growing synthetic multilayered tissues of prescribed morphology (e.g. a sheet or a tube). To obtain a specific tissue geometry (e.g. a tube or a sheet), or to obtain a specific cell morphology (squamous, cuboidal, or columnar) within the tissue, the specific values of the physicochemical factors such as cell-cell adhesion, either laterally between adjacent cells within the same layer or between cells in adjacent layers, and apical actomyosin contractility can now be computed.
